Abstract
Introduction
Accurate modeling of nonlinear wave propagation and induced kinematics is of particular concern in marine engineering, oceanography, security of marine transportation. . . Nowadays, the main challenge is to simulate large domains over long time periods with nonlinear features taken care of. This led in last decades to the development of several numerical methods able to solve the nonlinear evolution of sea-states. In this context, High-Order Spectral (HOS) model exhibits high efficiency and accuracy thanks to its pseudo-spectral formalism. When dealing with the propagation of openocean wavefields over constant water depth, HOS models have been shown to be more efficient than advanced models solving the volume problem with finite-differences discretization [10] .
HOS models have been widely used and validated by several authors to study different physical mechanisms: e.g. in recent years nonlinear energy transfers [27] , modulational instabilities [16] , [28] , bi-modal seas [29] , freak waves [12, 32, 24] . . . among others. This method can consequently be considered mature and accessible to practical engineering applications.
HOS-ocean is an open-source HOS model developed at Ecole Centrale
Nantes, LHEEA Lab. (ECN/CNRS). The software is available to download and contribute on the GitHub platform [2] . The code is developed and redistributed under the terms of the GNU General Public License as published by the Free Software Foundation. Along with the source code, documentation that describes the compilation and execution of the source files is also distributed. Note that HOS-ocean has been extensively validated on nonlinear regular wave propagation [5] and applied to the study of freak waves modeling in [12] .
One of the purposes of this code is to encourage other researchers to use HOS. Along with the core of models, post-processing is also delivered. This allows in particular the possibility to easily couple HOS-ocean with CFD (Computational Fluid Dynamics) software for wave-structure interactions modeling.
In the following sections, the HOS formulation implemented in HOSocean and associated numerical procedures are described. Sections describing how to compile and run the code are also provided and finally, several study cases are presented as typical applications of the presented numerical model.
High-Order Spectral method
In this section, the High-Order Spectral method used in HOS-ocean code is presented. HOS models have been widely used for the study of wave propagation in open domains starting from the original work of [31] & [8] up to the analysis of complex wave phenomena [27, 28, 29, 16] , including freak waves [12, 32, 24] , among others. Extensions of the original HOS model to include wind forcing effects [30, 19] and jet current effects [25] are also worth to mention. In this section, unless specified, the method is presented in one horizontal direction (i.e. 2DV problem) for conciseness, extension to 3D being straightforward (see [5, 12] ).
Formulation
We consider a rectangular fluid domain D of horizontal dimension L x and constant water depth h associated with a Cartesian coordinate system. Its origin O is located at one corner of the domain with Ox representing the horizontal axis and Oz the vertical one oriented upward with z = 0 located at the mean free surface. We are working under the potential flow theory (assuming the fluid to be incompressible and inviscid and the flow irrotational). Then, continuity equation reduces to the Laplace equation for the velocity potential φ
with ∇ denoting the horizontal gradient operator. The boundary conditions will close the system of equations to solve. At first, we consider the free surface boundary conditions which are written, following [33] , using surface quantities namely the free surface elevation η and the free surface velocity potential φ(x, t) = φ(x, z = η(x, t), t). z = η(x, t) describes the free surface position, assuming no wave breaking occurs (i.e. the free surface is a single valued function of x). The kinematic and dynamic free surface boundary conditions then read
is the vertical velocity at the free surface, the only quantity beyond the system (2)-(3) which needs solution in the water bulk.
Latter W will be evaluated thanks to the order consistent HOS scheme of
West et al. [31] described hereafter (Sec. 1.2). Once the vertical velocity is evaluated, it is possible to advance in time the two unknowns η and φ (Sec.
1.4).
In this model, periodic lateral boundary conditions are used, assuming the domain to be infinite
The latter associated to Laplace equation (1) and bottom boundary con-
allow us to define a spectral basis Ψ m on which the potential is expanded.
with k m = m∆k x = m 2π Lx the wavenumbers. Similarly, surface quantities are also expressed on a spectral basis allowing the use of Fast Fourier Transforms (FFTs).
Expansions (7)- (8) are truncated to a given number of modes which defines the corresponding number of points N in physical space. Some computing operations will be done in physical space (typically products of quantities) and others in transformed (Fourier) space (evaluation of spatial derivatives).
Then, the resulting numerical method is pseudo-spectral and exhibits very interesting convergence properties. The corresponding HOS model features high efficiency and accuracy compared to other advanced methods for wave propagation, see [10] .
HOS scheme
Knowing the surface quantity η and φ, the HOS scheme intends to evaluate the vertical velocity at the free surface W (x, t). This procedure relies on a series expansion in wave steepness ǫ up to the so-called HOS order M
with φ .
This way, the complicated Dirichlet problem for φ(
Similar series expansion done on the velocity potential (Eq. (9)) is applied to the vertical velocity W , leading to another triangular system (for W
Previous set of equations consequently allows to evaluate the free surface vertical velocity of interest
Dealiasing
HOS-ocean code is based on a pseudo-spectral method meaning that certain operators are treated in the physical space instead of spectral space.
This is typically the case of all nonlinear products appearing in the freesurface boundary conditions Eqs. 
Full dealiasing is recommended and is achieved by choosing p = M. This ensures that the description with N modes is free from any aliasing errors.
However, if needed (especially for computational effort reduction), partial dealiasing is available in the code by choosing lower value for p. Note that it appears crucial to perform careful dealiasing to preserve method convergence and accuracy as shown in [5] . Finally, we indicate that in 3D (i.e. 2 8 horizontal dimensions), dealiasing has to be performed along both directions x and y.
Time integration
Free surface boundary conditions Eqs. (2)- (3) ] to achieve convergence. This choice depends mainly on the nonlinearity of the wave field and the duration of the simulation.
Initial conditions
With such an approach, the key point lays in the definition of an appropriate initial condition. The initial free surface elevation η and free surface velocity potential φ have to be determined before propagating the corresponding wave field in the HOS-ocean model. Different possibilities are offered within the model.
Regular waves
The nonlinear regular wave solution of Rienecker & Fenton [23] (stream function theory) may be specified to initialize the HOS-ocean solution. This is mainly used for validation and to characterize the accuracy of the solution as well as the convergence properties of the method. Especially, a benchmarking procedure is set up in HOS-ocean code, that uses this initialization.
Note that within HOS-ocean, the stream function solution is stored in a specific file for each wave condition.
Irregular waves
For completeness, the initialization of irregular wavefield is presented in 
with ∆k x and ∆k y the modal discretization in both directions. This equation allows to calculate the norm |B 
0.07 for ω < ω p 0.09 for ω ≥ ω p and α J chosen to obtain the correct significant wave height.
ii) a specific directional spreading:
Relaxation period
It has been demonstrated in [7] , that the definition of linear initial wavefields for fully-nonlinear computations can lead to numerical instabilities. In order to overcome this problem, a transition period is introduced through the use of a relaxation scheme, allowing a smooth transition from linear initial conditions to fully nonlinear computation. The transition period is described by its duration T a and the parameter n. The free surface boundary conditions described by Eqs. (2)- (3) are rewritten as
with W (1) the linearized free surface vertical velocity. Then, the relaxation period is applied on the nonlinear terms F and G as follows 
Wavefield analysis
HOS-ocean enables the study of the evolution in time of the free surface elevation η. It appears interesting during post-processing to give access to some basic information useful for any analysis, such as the different moments of this free surface elevation: mean, standard deviation, skewness, kurtosis.
At the same time, several studies need the extraction of individual waves inside the computed sea state (we refer for instance to [12] for the study of freak waves). Thus, post-processing of 2D wave fields allows a wave-by-wave analysis using zero-crossing to extract individual waves and possible useful information: H 1/3 , H max , mean wavelength λ 0 . . .
In three dimensions, we choose to define the height of a wave as its height in the direction of propagation. We first perform the same kind of analysis than in two dimensions (zero-crossing along x-axis which is the mean direction of propagation of our wavefield). This is performed recursively with respect to the y-direction to get the height at the wave peak location in y.
Thus, we obtain the characteristics of each wave and can deduce those of the whole wavefield: H 1/3 , H max , λ 0 . . . At the same time, we have also access to transverse wavelength λ y , height H y that are interesting in terms of incidence of waves on a structure for example.
Kinematics computation within fluid domain
HOS models use a surface formulation where only quantities on the free surface are advanced in time, namely η and φ. This allows a reduction of numerical complexity and high efficiency. However, it appears necessary in some configurations to access to the volume information, usually the kinematics/pressure inside domain. For the efficiency of this evaluation, preliminary computations are done during the main HOS-ocean execution. Then, postprocessing enables the reconstruction of those quantities.
The main idea is to use a modal description of the volume information (for instance modal coefficients A m for the velocity potential φ(x, z, t) in Eq. (6)). Once they are known, it is possible to reconstruct easily this quantity wherever needed in the fluid domain. Different strategies exist to compute from the quantity known at the free surface the corresponding modal coefficients of the volume field. For instance, the HOS scheme solves this problem for φ(x, z, t). But, it has been shown in [4] that in order to achieve a good accuracy for velocity fields, more advanced procedures need to be used.
HOS-ocean provides the possibility to perform a direct inversion of the full system. However, the approximate solution using the so-called H 2 operator developed in the context of Dirichlet to Neumann Operator (DNO) models 13 is preferred (especially in 3D where the direct inversion is not possible) [4] .
The accuracy of the strategy has been validated in details in [9] . This way, it is possible to compute easily during post-processing the kinematics induced by the nonlinear waves simulated in HOS-ocean. This enables the possible coupling between HOS-ocean and CFD solvers for the evaluation of wave-structure interactions. Note that the methodology has been used at ECN for coupling between HOS and RANS solver with the SWENSE method (Spectral Wave Explicit Navier-Stokes Equations). Details about the SWENSE coupling strategy are given in [20, 21] . HOS-ocean has been also coupled to a Smooth Particle Hydrodynamics (SPH) model to study violent wave-structure interactions inducing wave breaking, surface reconnexions. . . see [22] .
Note that the proposed post-processing allows to compute velocity and pressure maps in a given domain. For a specific coupling of HOS-ocean, the quantities to reconstruct have to be adapted for the problem solved but the core is the one proposed in this post-processing program. Figure 1 presents a schematic view of the structure of HOS-ocean code.
Program documentation
The details of the different source-files are provided in next sections.
Source files

HOS-ocean
A set of Fortran files need to be compiled in order to create HOS-ocean binary. Here, all the files are listed. Table 1 presents the different source files Tables 3 & 4 give the list of the specific files used for the post-processing and the benchmarking respectively.
Post-processing & Benchmarking
Compilation
The code can be compiled on any computer architecture. One only needs HOS-ocean.f90 0 
Running HOS-ocean
HOS-ocean has been developed for command-line run with an input file containing all specifications needed. All output files will be created in a directory Results that has to be created before the run by the user.
Important parameters
At first, for the compilation, user has to set values of integers M (the HOS order), n1, n2 (the number of points in x and y directions respectively), p1 and p2 (the parameters used for dealiasing (as seen in Sec. 1.3) in x and y directions respectively) in variables_3D.f90:
• For a 2D simulation, -Compile with n2=1 and p2=1 to adjust the memory allocation to minimum -If partial dealiasing is used, compile with p1 set to maximal required value (total dealiasing is obtained with p1=M but it can be reduced if p1 is further set to a value below M), see Sec. 1.3
• For a 3D simulation,
-Compile with n2 = 1 and p2 set to required value -If partial dealiasing is used in x-direction, compile with p1 set to maximal required value (total dealiasing is obtained with p1=M
but it can be reduced if p1 is further set to a value below M)
-If partial dealiasing is used in y-direction, compile with p2 set to maximal required value (total dealiasing is obtained with p2=M but it can be reduced if p2 is further set to a value below M)
Input file
The input file is assumed to be named input_HOS.dat. Table 5 describes the different parameters accessible in this input file.
Output files
Depending on the choices made in the input file (see Tab. 
Post-processing
Post_processing binary will analyze the HOS-ocean outputs and perform some analysis with a given input file named input_post_process.dat.
This input file is detailed in Tab. 6 which describes the different constants to specify. file_mod Path defining the file used for velocity/pressure map (modes_HOS_SWENSE.dat generated by HOS-ocean) Table 6 : Description of input file parameters for post-processing
Wavefield analysis
The wavefield analysis is performed on the 3d.dat files generated by HOSocean code. This analysis intends to provide interesting information about the computed sea state. Different output files are created that are described hereafter.
• Analysis.dat contains the general information about the wave field • Cartesian grid, i_card = 1 -data_VP_card.dat gives useful informations about the map created in VP_card.dat. This is used at ECN as the file containing coupling information.
-VP_card.dat contains the velocities and pressure map. The mesh in z direction is defined as constant z for all x and y. This file is adapted to Tecplot visualization.
• Boundary-fitted mesh, i_card = 2 -VP_card_fitted.dat contains the velocities and pressure map in the case i_card=2, i.e. when a boundary fitted (free surface) mesh is used. This file is adapted to Tecplot visualization. 
Results
This
Benchmarking-validation
The nonlinear potential flow solver HOS-ocean presented in this paper uses fully nonlinear free surface boundary conditions Eqs. It is clear from this figure that HOS-ocean code allows an accurate evalu-ation of the vertical velocity at the free surface, even with a very steep wave (ka = 0.4), close to the wave-breaking limit. Exponential convergence rate is observed with respect to the two parameters N and M, thanks to the pseudo-spectral formalism of the model. Furthermore, note that thanks to the careful dealiasing procedure used in HOS-ocean, saturation observed in [8, 26] is removed and better accuracy is achieved.
Finally, benchmarks allow to test the configuration with waves defined along x-axis, y-axis or 3D wave propagating at π/4 angle. Exact same results are obtained in the three set-ups.
Application: 3D irregular wave field
This section presents a typical application case of the simulation of nonlinear 3D irregular wave field. Physical and numerical parameters of the simulation are the following
• Directional spreading defined as β = 0.14
• HOS order M = 3
• Time tolerance 10 −7
• Relaxation used with T a = 10 T p and n = 4
An example of free surface elevation at a given time-step is presented in Fig. 3 . The 3D wave-field simulated has a small angular spreading (β = 0.14 rad), as can be seen with the free surface elevation. At the same time, frequency spreading is also limited (γ = 5). This is a typical configuration where the Benjamin-Feir instability is important during the propagation of such sea state. Benjamin-Feir directions, along which spectrum evolution is expected to be preponderant [14] .
This is a result with one realization (i.e. one random phase generation).
Thus, this is maybe not very clear that we recover correctly those instabilities. However, it has been shown in [9] that HOS-ocean solves correctly observed during the simulation (defined as the maximum of each 3D wave detected with wave-by-wave analysis along mean and transverse direction). Note that this increase of kurtosis (i.e. the increase of the probability of freak waves' occurrence) is a typical nonlinear effect in such configuration due to third-order quasi-resonant interactions, see e.g. [15] .
Kinematics and pressure inside the domain
The study of the kinematics induced by a wave field is of particular importance for in-depth analysis of the wave phenomena as well as for the wave-structure interactions.Here is given an example of the kinematics and The resulting model named HOS-NWT has been presented in [13] and is also available as open-source release [1] .
